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ABSTRACT 


The  morphology  and  crystallography  of  fiilly  hardened  Aalbrog  Lion  Brand  Danish 
White  cement  paste  (water-to-cement  ratio  0.25)  were  examined  using  x-ray  diffraction, 
optical  and  scanning  electron  microscopy  with  energy  dispersive  x-ray  analysis  (EDX) 
and  transmission  electron  microscopy  and  EDX.  These  experiments  showed  the  hardened 
cement  to  be  mostly  comprised  of  equiaxed  particles  of  3Ca0.Si02  with  diameter  of  the 
order  of  10  pm  and  larger  often  surrounded  by  inner  and  outer  hydrated  regions  of  an 
amorphous  gel-like  matrix  with  an  average  composition  of  about  1.75Ca0.Si02.3H20  (C- 
S-H)  in  which  the  Ca0/Si02  ratio  varied  from  about  0.35  5.74.  The  hydrated  regions 

were  also  found  to  contain  significant  amounts  of  Ca(OH)2.  Small  amounts  of  ettringite 
(Ca6Al2(S04,Si04,C03)3(0H)i2.26H20)  were  also  detected.  In  addition,  selected  area 
electron  diffraction  of  the  C-S-H  matrix  revealed  diffrise  rings,  indicating  the  presence  of 
short-range  ordering.  The  morphology  of  C-S-H  matrix  was  found  to  be  comprised  of 
small  ‘cells’  of  size  approximately  5  nm  which  are  no  doubt  responsible  for  the  good 
mechanical  properties  of  this  particular  hardened  cement  paste.  These  results  were  also 
found  to  be  in  excellent  agreement  with  previous  research  on  this  topic. 
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1.  INTRODUCTION 


Portland  cement  is  the  most  common  building  material  in  use  today.  Over  seventy 
million  tons  of  cement  are  used  in  the  United  States  every  year.  The  characteristic  feature 
of  these  materials  is  that  when  mixed  with  water,  they  form  a  paste  that  subsequently  sets 
and  hardens.  This  trait  is  especially  useful  in  that  solid  and  rigid  structures  having  just 
about  any  shape  may  be  expeditiously  formed.  The  reaction  products  form  a  rigid, 
monolithic  microstructure  which  has  important  binding  and  strength  characteristics.  While 
much  is  known  about  the  chemistry  of  cement  hydration ,  the  physical  details  of  the 
dilution  and  reprecipitation  processes  are  not  completely  understood.  Important  questions 
about  strength  development,  durability,  and  toughness  can  be  addressed,  not  only  by 
optical  microscopy,  but  also  by  scanning  electron  microscopy  (SEM),  transmission 
electron  microscopy  (TEM),  X-ray  dififractometry  (XRD)  and  neutron  diffraction  studies 
of  the  cement  hydration.  These  techniques  can  assist  in  revealing  the  mechanisms  of 
hydration. 

An  important  application  for  cement  is  for  shielding  and  waste  disposal.  Recently,  the 
U.S.  Government  has  begun  research  for  an  appropriate  material  that  could  be  used  to 
build  storage  sites  for  more  than  33,000  tons  of  radioactive  waste.  The  spent  nuclear  fuel, 
now  at  reactors  in  41  states,  \^dll  remain  deadly  for  10,000  or  more  years.  The  idea  is  to 
build  a  permanent  underground  repository  for  the  waste,  so  once  it  is  moved  to  this 
centralized  site  it  will  never  be  moved  again.  Currently,  the  waste  in  the  form  of  used 
reactor  fuel  rods  are  maintained  in  water  storage  pools  at  reactor  sites.  However,  these 
storage  pools  are  either  full  already  or  filling  up  at  a  rate  of 2,000  tons  a  year.  Therefore, 
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the  government  needs  storage  sites  able  to  accept  waste  as  early  as  2003.  Cement  has 
been  proposed  as  the  material  to  be  use  to  build  these  sites  or  containers.  The  reasoning 
behind  this  is  that  cement,  which  is  highly  refractive,  can  absorb  the  highly  penetrating 
neutrons  from  the  spent  nuclear  fuel.  Neutron  shielding  is  best  achieved  by  materials 
which  have  high  absorption  cross-section,  particularly  if  there  is  a  space  limitation. 
Gamma-radiation,  on  the  other  hand,  is  best  absorbed  by  dense  materials  of  heavy  atoms. 
Therefore,  the  surface  of  cement  materials  could  be  used  to  adsorb  damaging  radioactive 
fission  products,  such  as  Cs^^’  and  Sr^. 

Unfortunately,  one  of  the  main  drawback  to  the  use  of  cement,  or  any  ceramic  for  that 
matter,  is  its  disposition  to  brittle  and  catastrophic  failure,  due  to  its  low  fracture 
toughnesses.  Therefore,  until  an  effective  type  of  cement  with  improved  mechanical 
properties  is  designed  for  this  use,  the  potential  of  this  material  will  not  be  fully  realized. 

The  purpose  of  this  research  program  is;  to  investigate  the  microstructure  and 
properties  of  Aalbrog  Lion  Brand  Danish  white  cement,  and  to  characterize  the  Calcium 
Silicate  Hydrate  (C-S-H  gel)*,  which  is  the  main  component  of  the  hydration  of  Danish 
white  cement.  The  reason  it  is  important  to  investigate  this  particular  brand  is  because  it 
appears  to  have  better  toughness  properties.  Unfortunately,  the  structure  of  C-S-H  is  not 
well  understood.  C-S-H  is  believed  to  have  a  layered  structure;  but,  a  precise  structural 
determination  has  not  been  performed  because  of  lack  of  long-range  crystallinity,  as  its 
structure  appears  to  be  nearly  amorphous. 

*  The  following  cement  chemical  notation  is  used  here:  C  is  CaO,  S  is  Si02,  A  is  AI2O3,  H 
is  H2O,  F  is  Fe203,  S  is  SO3,  etc. 
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The  characterization  of  the  C-S-H  gel  should  help  resolve  the  issue  of  possible  sub 
crystalline  regions,  and  local  compositional  order,  which  could  be  responsible  for 
variations  in  mechanical  properties  in  Portland  cements. 

In  order  to  meet  these  research  goals,  the  Australian  Nuclear  Science  and  Technology 
Organization  (ANSTO),  in  conjunction  with  the  Naval  Postgraduate  School  (NPS)  are 
actively  investigating  the  morphology  and  microstructure  of  a  reaction  product  of  Danish 
white  cement  with  a  water  to  cement  ratio  of  approximately  25  %  (w/c=0.25).  It  is 
important  to  understand  the  morphology  of  the  cement  microstructure  in  order  to 
determine  the  degree  of  improvement  in  the  fracture  toughness.  A  small  angle  neutron 
scattering  (SANS)  analysis  of  these  materials  on  a  nanometer  scale  suggests  that  the 
‘better’  cements  have  equiaxed  fine  structures,  rather  than  a  needle-like  morphology  [1, 

2].  Therefore,  because  Aalbrog  Lion  Brand  Danish  white  cement  appears  to  have 
improved  mechanical  properties,  the  focus  of  this  study  is  to  investigate  it  by  optical 
microscopy,  x-ray  diffraction  (XRD),  scanning  electron  microscopy  with  energy 
dispersive  x-ray  analysis  (SEM/EDX)  and  transmission  electron  microscopy  (TEM)  with 
EDX,  to  see  if  its  improved  mechanical  properties  can  be  understood  from  a 
microstructural  point  of  view. 
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n.  BACKGROUND 


A.  BRIEF  HISTORY  OF  CEMENT 

The  use  of  cementitious  substances  for  binding  together  fragments  of  stone  is  older 
than  recorded  history.  However,  the  credit  for  demonstrating  that  a  limestone  containing 
clay,  when  burned  and  ground,  possessed  the  property  of  hardening  with  water,  is  due  to 
Mr.  John  Smeaton.  This  was  in  1756,  while  he  was  searching  for  a  suitable  material  to 
build  the  Eddystone  Lighthouse  [3],  In  1796  the  manufacturing  process  was  patented  as 
the  product  of  “Roman  Cement”.  In  1824,  Joseph  Aspdin  of  Leeds,  England,  patented  the 
process  to  manufacture  ‘Portland  Cement’. 

M.  H.  LeChatelier  divided  the  hydraulic  products  of  cements  into  several  classes  with 
one  being  Portland  cement.  He  was  the  first  to  use  the  optical  microscope  to  study 
cement  clinker  (the  unhydrated  material  after  firing)  and  was  able  to  gain  some  knowledge 
of  its  constitution  [4].  Using  polarized  light  microscopy  he  discovered  that  tricalcium 
silicate  was  the  principal  constituent  of  cement  clinker.  The  use  of  optical  microscopy 
together  with  new  technology  allowed  A.  E.  Tomebohm  to  discover  the  five  principal 
constituents  of  cement  clinker,  which  were  found  to  be  3Ca0.Si02,  4Ca0.Al203.Fe203, 
birefiingent  calcium  aluminate  and  some  isotropic  residues  [4].  Then,  in  1907,  the  first 
Code  of  Practice  for  reinforced  concrete  was  published.  Before  this,  there  were  many 
different  cements  on  the  market,  more  than  matched  by  the  number  of  client  specifications. 
This  agreement,  of  course  was  a  major  step  in  terms  of  design  code,  which  had  a  strong 
emphasis  on  materials  as  well  as  on  design  calculations  [5]. 
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Since  the  original  Code  of  Practice  was  published,  cement  standards  have  changed  and 
developed  in  other  ways.  Still  operating  from  a  base  of  Portland  cement  clinker  and 
calcium  sulfate,  there  are  a  range  of  manufactured  cements  available,  created  by 
introducing  additional  major  or  minor  constituents  and  additives.  However,  it  is 
interesting  to  note  that  the  dominating  factor  in  the  selection  process  has  shifted  to  better 
durability  (improved  toughness),  representing  a  substantial  change  in  performance 
requirements. 

Technological  advancements  such  as  x-ray  diffraction,  scanning  electron  microscopy 
and  transmission  electron  microscopy,  have  been  important  tools  for  research  into  the 
crystallography  and  microstructure  of  cement  clinker  and  its  hydration  products  and  have 
allowed  an  improved  understanding  of  the  material.  However,  because  of  the  peculiarities 
in  the  constitution  of  Portland  cement,  the  requirements  for  microscopy  are  very  exacting. 
Although  the  constituents  are  non-metallic,  most  of  them  are  so  fine  grained  and  highly 
refractive,  that  they  are  transparent  only  in  thin  grains.  Additionally,  the  refractive  indices 
of  several  constituents  are  very  similar  making  characterization  by  optical  microscopy  very 
difficult.  As  a  result  materials  scientists  are  trying  to  make  use  of  x-ray  and  neutron 
diffiaction  and  electron  microscopy  to  try  and  understand  the  constitution  of  cement 
products. 

B.  PRODUCTION  METHODS 

Portland  cement  is  produced,  in  general,  by  grinding  and  mixing  clay  and  lime-bearing 
minerals  in  the  appropriate  proportions  for  the  cement  concerned  (see  next  sections),  and 
then  heating  the  mixture  above  1400°C  in  a  rotary  kiln,  so  that  physical  and  chemical 


changes  occur  in  the  original  material.  The  resulting  product  is  called  a  ‘clinker’.  This 
‘clinker’  then  is  ground  into  very  fine  powder  to  which  is  added  a  small  amount  of 
CaS04.2H20  (gypsum),  which  retards  the  setting  process  of  the  hydrated  cement  so  that  it 
hardens  in  a  controlled  manner.  The  overall  product  of  this  process  is  then  called  Portland 
cement.  The  properties  of  each  type  of  Portland  cement  will  vary  depending  to  large 
degree  on  its  composition. 

C.  TBDE  CHEMISTRY  OF  CEMENT  HYDRATION 

The  chemistry  of  cement  hydration  is  a  very  large  subject,  and  of  necessity  only  certain 
important  areas  of  it  will  covered  here.  The  idea  is  to  deal  with  fundamental  aspects 
rather  than  with  details,  even  though  a  number  of  the  latter  are  of  immediate  technical 
significance.  The  behavior  on  hydration  of  some  of  minor  phases  and  components  (e.g. 
iron-containing  compounds)  is  therefore  not  considered.  Attention  has  been  centered  on 
the  proportions,  structure,  nature,  and  general  mechanical  properties  of  the  various  phases 
formed  on  hydration. 

1.  Before  hydration 

The  typical  phase  composition  for  a  regular  cement  (including  the  Aalbrog  Lion  Brand 
Danish  White  studied  in  the  present  work)  is:  50  -  70  %  alite,  which  is  tricalcium  silicate, 
C3S  (3Ca0.Si02,  or  CasSiOs).  Others  phases  present  are  belite,  which  is  dicalcium  silicate 
(C2S  or  2Ca0.Si02)  10  -  20  %,  cubic  tricalcium  aluminate  (C3A  or  3Ca0.Al203)  3%, 
monoclinic  tricalcium  aluminate  (C3A)  1%,  and  the  ferrite  phase  (C4AF  or 
4Ca0.Al203.Fe203 )  approx.  1%.  There  may  also  be  a  small  amount  of  gypsum 
(CaS04.2H20)  added.  The  alite  composition  of  the  Aalbrog  Lion  Brand  Danish  cement  is 
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a  little  bit  higher  than  normal  Portland  cements,  but  in  general,  the  compositions  are  very 
similar  [6,  7], 

2.  After  hydration 

Portland  cement  is  the  most  common  of  the  hydraulic  cements;  see  Figure  2. 1  for 
phase  details.  The  hydration  reaction,  although  complicated,  is  indicative  of  the  general 
principles  governing  the  hydration  reactions  of  cements: 

Ca3Al206  +  6H2O  o  Ca3Al2(OH)i2 ,  (2. 1) 

2Ca2Si04  +  (5-y  +  x)H20  o  Ca2[Si02(0H)2]2.(Ca0).;.i.xH20  +  (3  - ;;)Ca(OH)2 ,  (2.2) 
2Ca3Si05  +  (5  +  x)H20  o  Ca2[Si02(0H)2]2.(Ca0).xH20  +  3  Ca(0H)2 ,  (2.3) 

In  Eq.  (2.2),  y  is  approximately  2.3.  The  value  of  x  in  the  hydrated  calcium  silicate  (C-S- 
H)  varies  from  zero  to  more  than  one,  depending  on  the  amount  of  water  used.  In  each 
case  the  hydrated  form  of  the  cement  is  slightly  less  soluble  than  the  anhydrous  phases  and 
as  result,  solution  and  precipitation  occur  through  the  liquid  medium  [7,  8]. 

The  total  constitution  after  hydration  depends  a  great  deal  on  the  water/  cement  ratio, 
with  C-S-H  as  the  principal  reaction  product  of  the  clinker  with  water.  C-S-H  is  typical  of 
materials  without  highly  ordered  crystal  structures.  C-S-H  has  a  variable  composition  that 
can  be  studied  by  x-ray  diftraction  and  electron  microscopy  and  these  show  that  the  C-S-H 
is  in  a  somewhat  colloidal  gel  form.  C-S-H  can  form  over  a  relatively  wide  range  of  Ca:Si 
ratios,  indicating  compositional  and  structural  variability  throughout  this  gel  phase. 

Average  Ca:Si  ratios  in  hydrated  cement  paste  have  been  determined  previously  by 
chemical  analysis  to  range  between  1.5  and  2.0  [9].  In  agreement  with  this,  electron 
microprobe  analysis  (EMPA)  and  SEM  with  energy  dispersive  X-ray  analysis  (EDX),  with 
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their  accurate  and  fully  corrected  chemical  analyses  of  individual  features,  have  yielded 
values  between  1.6  and  1.9.  In  addition,  early  studies  of  ground  and  redispersed  pastes, 
have  revealed  wide  variabilities  on  a  micrometer  scale,  demonstrating  the  presence  of 
significant  compositional  heterogeneity  throughout  the  gel  phase. 

Others  phases  are  predicted  but  difiBcult  to  detect  by  SEM  with  EDX  and  XRD. 
When  polished  sections  are  used  in  SEM,  the  region  analyzed  is  on  the  micrometer  scale, 
which  may  be  larger  than  the  scale  of  compositional  fluctuations.  However,  it  can  still  be 
used,  to  compare  the  average  composition  between  the  several  particles  present.  When 
the  transmission  electron  microscope  (TEM)  is  used,  much  smaller  volumes  can  be 
analyzed;  these  can  be  as  small  as  a  few  nanometers  in  each  dimension  if  the  sample  is 
thinned  sufficiently  to  reduce  beam  spreading  effects  [9,  10],  EMPA  can  be  use  to  map 
the  surface  and  provide  spatial  information  in  bulk  specimens,  but  it  can  lead  to 
misinterpretations  in  the  analysis,  due  to  the  poor  x-ray  spatial  resolution  and  the  inability 
to  resolve  unseen  surface  inhomogeneities.  In  general,  for  thin  specimens,  the  x-ray 
resolution  in  the  TEM  will  be  close  to  the  size  of  the  probe  used.  This  allows  the 
identification  of  features  on  a  nanometer  scale.  The  measuring  (spatial  resolution)  range 
of  various  analytical  instruments  is  shown  in  Figure  2.2.  However,  because  the  nature  of 
the  hydrated  cement  products,  the  preparation  of  thin  samples  for  TEM  analysis  is  very 
difficult  [9]  and  they  damage  rapidly  in  the  electron  beam. 

EDX  analysis  yields  atomic  ratios,  which  are  adequate  for  determining  local  Ca:Si 
ratio  fluctuations.  As  mentioned  before,  previous  TEM/EDX  investigations  consistently 


have  revealed  wide  variabilities  in  the  local  Ca:Si  ratio  throughout  the  gel,  which 
demonstrate  the  fluctuations  at  the  nanometer  scale  [9], 

Some  of  the  additional  phases  that  can  be  present  after  the  hydration  reaction  are: 
unreacted  C3S,  small  amounts  of  unreacted  C2S,  Ca(OH)2  portlandite  and  small  amounts 
of  Ca6Al2(S04.Si04.C03)3(0H)i2.26H20  ettringite  [9,  10], 

D.  CEMENT  CRYSTALLOGRAPHY  AND  MICROSTRUCTURE 

As  mentioned  above,  hydrated  calcium  silicate  (C-S-H)  is  the  major  reaction  product 
of  clinker  with  water.  C-S-H  makes  up  approximately  50-60%  of  the  total  volume,  and 
forms  the  binding  agent  between  the  unreacted  C3S  .and  C2S  and  other  crystalline  phases. 
Unfortunately,  the  structure  of  C-S-H  is  not  well  understood,  because  it  exhibits  very  low 
crystallimty  [1 1].  To  help  with  the  understanding  of  the  C-S-H  structure,  some  similarities 
between  the  gel  and  tobermorite  and  jennite  have  previously  been  considered.  Both  jennite 
and  tobermorite  are  believed  to  have  layered  structures  that  are  stacked  along  the  [001] 
direction,  however,  the  crystal  structure  of  either  of  these  materials,  has  not  been 
determined  [9].  A  general  comparison  of  the  C-S-H  gel  structure  with  either  tobermorite 
or  jennite  reveal  many  similarities.  In  the  past,  both  tobermorite  and  jennite  models  have 
been  proposed  as  model  to  explain  the  structure  of  the  C-S-H  gel.  However,  the 
structural  formula  for  jennite  with  an  average  Ca:Si  ratio  of  1 .5  is 
Ca9(Si60i8H2)(0H)8.6H20,  and  for  tobermorite  with  an  Ca:Si  ratio  of  0.83  it  is 
Ca5(Si60i8H2).8H20.  This  suggests  that,  for  these  materials,  some  silicate  tetrahedra  may 
be  missing.  The  structure  of  C-S-H  differs  from  both  of  these  ciystalline  substances. 
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mainly  because  C-S-H  is  nearly  amorphous  and  it  has  a  higher  average  Ca:Si  ratio  than 
jennite  and  tobermorite  [9,  10], 

It  is  the  general  belief  that  there  are  numerous  types  of  C-S-H.  However  no 
compositional  difference  between  them  has  been  firmly  proposed.  Rather,  it  is  possible 
that  the  morphology  of  C-S-H  changes  in  response  to  different  conditions  of  formation. 
Recent  studies  identified  an  inner  and  an  outer  region  of  the  C-S-H  phase  that  could  be 
distinguished  by  significant  morphological  differences  [9,  10,  12].  With  no  clear 
compositional  difference  between  the  two  t5^es  of  regions,  the  outer  C-S-H  forms  on  the 
surface  of  C3S,  as  the  hydration  begins,  whereas  inner  C-S-H  is  forms  in  the  later  stages  of 
hydration  as  it  proceeds  into  the  C3S  grains.  Additionally,  the  coexistence  of  various  other 
second  phases  within  the  C-S-H  gel  has  been  predicted.  These  include  Ca(OH)2  (CH); 
(Ca3(Al,Fe)(OH)6. 12H20)2.X3.xH20  (Aft),  where  X  is  one  formula  unit  of  an  oxide; 
(Ca2(Al,Fe)(0H)6).X.xH20  (Afin)  [10]. 

The  internal  stress  state  in  which  the  product  is  fonhed,  has  also  been  found  to  be 
responsible  for  some  of  the  morphological  differences.  C-S-H  formed  near  the  surface 
under  imconstrained  boundary  conditions  is  more  structured,  and  porous,  while  the  C-S-H 
formed  below  the  surface  of  the  particle,  under  highly  constrained  conditions,  is  more 
massive  and  structureless  [9].  Thus  the  internal  stress  is  believed  to  cause  some  of  the 
morphological  differences  between  the  inner  and  outer  products  of  the  reaction.  Some  of 
these  changes  at  the  micron  scale  may  occur  during  phase  separation  or  formation. 
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Along  with  C-S-H,  calcium  hydroxide  (CH)  is  formed  as  a  by-product,  which  occurs 
as  small  hexagonal  plates.  The  calcium  hydroxide  can  react  with  carbon  dioxide  in  the  air 
or  water  available  to  form  calcium  carbonate.  The  chemical  reaction  of  carbonation  is: 

Ca(OH)2  +  CO2  ->  CaCOs  +  H2O  (2.4) 

This  reaction  will  generate  a  lot  of  porosity  within  the  C-S-H  gel.  As  will  be  seen  later, 
the  porosity  should  be  kept  as  low  as  possible  if  the  optimum  mechanical  properties  from 
the  cement  are  to  be  obtained. 

As  mentioned  before,  in  addition  to  the  C-S-H  and  the  C-H  phases,  other  crystalline 
phases  such  as  unhydrated  C3S,  which  can  exist  in  several  crystal  polymorphs 
(rhombohedral,  monoclinic,  and  triclinic)  and  unhydrated  C2S,  which  also  has  several 
polymorphs  (a,  a ,  P,  and  y)  can  also  be  present  in  the  hydrated  material.  Hexagonal 
ettringite  and  monoclinic  lamite  can  also  be  found.  The  two  phases  (C3S  and  C2S)  have 
similar  XRD  patterns  with  many  overlapping  lines,  and  the  analysis  of  each  is  also 
complicated  by  variations  in  crystal  structure.  Ettringite  can  be  detected,  during  the  early 
stages  of  hydration,  mainly  because  it  generates  low  angle  x-ray  lines  that  at  later  stages, 
cannot  easily  be  detected  due  to  the  high  dense  structure  of  the  hardened  paste.  The 
amount,  composition,  and  morphology  of  these  minor  phases  will  depend  a  great  deal  on 
the  raw  materials  used,  the  conditions  for  sintering,  hydration  conditions  and  the  water  to 
cement  ratio. 

The  bottom  line  is,  different  cements  can  have  very  different  characteristics,  but  often 
the  only  difference  between  them  chemically  is  just  a  small  amount  of  different  oxides  such 
as:  3Ca0.Al203,  Fe203  and  CaS04  etc...  and  it  is  difficult  to  see  any  differences  between 


the  various  cements  by  XEID  and  SEM/EDX.  However,  it  would  seem  that  the 
morphology  of  the  reaction  products  is  very  important  and  these  cannot  be  seen  very  well 
optically  or  by  SEM  since  they  seem  to  vary  on  a  nanometer  scale.  In  terms  of  the 
morphology  of  the  microstructure  on  a  nanometer  scale,  it  would  appear  that  the  ‘better’ 
(in  terms  of  mechanical  properties)  cements  have  equiaxed  fine  structure,  rather  than 
needle-like  [1]. 

E.  MECHANICAL  PROPERTIES 

The  mechanical  properties  of  cements  as  well  as  most  ceramics  are,  in  many  respects, 
inferior  to  those  of  metals.  The  principal  drawback  is  a  disposition  to  catastrophic  brittle 
fi^acture  with  little  energy  absorption. 

The  cement  must  first  of  all  have  cohesive  strength.  Probably  equally  important,  the 
cement  must  adhere  to  the  aggregate  with  the  best  cements  being  those  whose  products 
are  not  highly  crystalline.  The  reasoning  behind  this  is  that  an  amorphous  or  finely 
colloidal  cement  is  more  likely  to  match  the  structure  of  the  aggregate  and  develop  good 
adhesion  than  a  highly  crystalline  cement.  In  addition,  an  amorphous  structure  is 
somewhat  flexible,  so  that  it  does  not  develop  severe  stress  concentrations  when  loads  or 
dimensional  changes  are  encountered. 

The  ratio  of  water  to  cement  in  the  mix  has  a  primary  effect  on  the  final  strength  of  the 
cement.  As  long  as  adequate  water  is  added  for  hydration  and  for  workability,  the  lower 
the  water  to  cement  ratio,  the  higher  the  resulting  strength  [13].  In  addition,  the  behavior 
(e.g.,  brittle  fi’acture,  stress-strain,  plastic  deformation,  etc...)  depends  on  its  composition. 
In  other  words,  it  depends  on  what  phases  are  present  and  in  what  proportions.  Thus  a 
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knowledge  of  the  proportion  of  each  phase  in  cement  or  clinker  should  make  it  possible  to 
predict  the  behavior  of  Portland  cement  and  its  reaction  products.  Some  of  the  properties, 
in  general,  are  described  below: 

1.  Brittle  fracture 

At  normal  temperatures,  cements  almost  always  fracture  before  plastic  deformation 
can  occur  in  response  to  an  applied  tensile  load.  Crack  growth  in  crystalline  specimens  is 
usually  through  the  grains  and  along  specific  crystallographic  (cleavage)  planes  of  high 
atomic  density.  The  measured  fracture  strengths  are  lower  than  the  predicted  by  the 
theory  from  interatomic  bonding  forces.  This  is  due  to  very  small  flaws  present  in  the 
material  which  serve  as  stress  raisers.  These  stress  raisers  may  be  minute  surface  or 
interior  microcracks,  internal  pores,  and  grain  comers,  which  are  hard  to  control. 

The  measure  of  the  material’s  ability  to  resist  fracture  when  a  crack  is  present  is 
specified  in  terms  of  fracture  toughness.  Plane  fracture  toughness  values  for  ceramic  ■ 
materials  are  much  smaller  than  for  metals;  typically  they  are  below  10  Mpa  (m)®'*  [6]. 

There  is  usually  significant  variation  in  the  fracture  strength  for  many  specimens.  A 
distribution  of  fracture  strengths  for  Portland  cement  is  shown  in  Figure  2.3.  The 
phenomenon  is  explained  by  the  dependence  of  the  fracture  strength  on  the  probability  of 
the  existence  of  a  flaw  that  is  will  initiate  a  crack.  This  probability  varies  from  specimen 
to  specimen  for  the  same  material  and  depends  on  fabrication  technique,  w/c  ratio  and 
variations  in  processing  treatment.  Specimen  size  or  volume  also  influences  the  fracture 
strength;  the  larger  the  specimen,  the  greater  the  flaw  existence  probability  and  thus  the 
likelihood  of  a  lower  fracture  strength. 
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For  compressive  stresses,  there  is  no  stress  amplification  associated  with  any 
preexisting  flaws.  Therefore,  cements  display  much  higher  strengths  in  compression  than 
in  tension,  and  they  are  generally  utilized  when  load  conditions  are  compressive.  In 
addition,  the  fracture  strength  may  be  enhanced  by  imposing  residual  compressive  stresses 
at  the  surface,  particularly  by  thermal  tempering. 

2.  Stress-strain  behavior 

The  stress-strain  behavior  on  brittle  ceramics  can  be  obtained  generally  by  transverse 
bending  test,  in  which  a  rod  specimen  having  either  a  circular  or  rectangular  cross  section 
is  bent  until  fracture  using  a  three  or  four  point  loading  technique;  the  three  point  loading 
scheme  is  illustrated  in  Figure  2.4.  At  the  point  of  loading,  the  top  surface  of  the 
specimen  is  placed  in  compression,  while  the  bottom  surface  is  in  tension.  The  stress  is 
computed  fi’om  the  specimen  thickness,  the  bending  moment,  and  the  moment  of  inertia  of 
the  cross  section;  these  parameters  are  noted  in  the  Figure.  The  maximum  stress  at 
fi'acture  using  this  test,  is  the  modulus  of  rupture,  or  the  bending  strength. 

The  elastic  stress-strain  behavior  obtained  from  these  transverse  bending  tests  is  similar 
to  the  tensile  tests  for  metals;  i.e.  there  is  a  linear  relationship  between  stress  and  strain. 

3.  Mechanisms  of  plastic  deformation 

At  room  temperature  cement  is  expected  to  fracture  before  the  onset  of  plastic 
deformation,  however  there  is  still  a  possibility  that  deformation  may  occur.  The 
deformation  is  different  for  crystalline  and  noncrystalline  components.  For  crystalline 
phases  (e.g.,  in  C3S  and  C2S),  plastic  deformation  occurs  by  the  motion  of  dislocations. 

As  a  result,  one  reason  for  the  brittleness  of  cementitious  materials  is  the  lack  of  slip 
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systems  present,  along  which  dislocations  may  move  (C3S  and  C2S  have  complex  crystal 
structures  with  few  slip  systems).  For  amorphous  phases,  which  is  the  case  of  the  C-S-H 
phase,  deformation  occurs  by  viscous  flow  in  the  same  way  that  amorphous  polymers 
deform;  the  rate  of  deformation  is  proportional  to  the  applied  stress.  In  response  to  an 
applied  shear  stress,  atoms  or  ions  slide  past  one  another  by  the  breaking  and  reforming  of 
interatomic  bonds. 

4.  Influence  of  porosity 

Porosity  has  a  negative  influence  on  both  the  elastic  properties  and  strength.  It  has 
been  observed  that  the  magnitude  of  the  modulus  of  elasticity  E  decreases  with  volume 
fraction  porosity,  P,  according  to: 

£=£0(1-1. 9P+0.9i^)  (2.5) 

where  £0  is  the  modulus  of  elasticity  of  the  nonporous  material.  Porosity  decreases  the 
fracture  strength  because  the  pores  reduce  the  cross  sectional  area  across  which  the  load  is 
applied  and  because  they  act  as  stress  concentrators.  A  10  vol%  porosity  will  decrease  the 
modulus  of  rupture  by  50%  from  measured  value  for  the  non-porous  material  [6], 

Major  progress  has  occurred  in  recent  years  in  the  manufacture  of  hydraulic  cements  of 
decreased  porosity  and  increased  strength.  One  method  involves  adding  ultrafine  Si02 
(“microsilica”)  particles  to  the  cement.  The  process  is  referred  to  as  DSP  (densified  with 
small  particles)  cement.  The  Si02  particles  are  much  smaller  than  the  cement  particles  and 
will  fill  voids  between  the  latter.  In  addition,  less  water  is  required  to  prepare  a  mix.  The 
decreased  water  and  better  particle  packing  result  in  decreased  total  porosity  and  a  large 
decrease  in  pore  size.  Strength  can  be  increased  by  a  factor  of  4  and  permeability  to 
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liquid  absorption  nearly  eliminated  [14],  The  life  of  road,  bridge,  and  building  structures, 
and  in  the  present  case  the  radioactive  waste  repositories  can  be  greatly  increased, 
especially  those  that  contain  metal  reinforcing  bars  which  are  attacked  in  conventional 
concrete  by  corrosion. 

A  second  method  to  improve  hydraulic  cements  is  called  macro-defect  free  (MDF) 
cement.  This  approach  utilizes  organic  additives  to  the  cement  to  achieve  better 
dispersion  and  particle  packing.  It  also  increases  the  strength  and  decreases  the 
permeability  with  little  increase  in  cost.  Figure  2.5  illustrates  some  of  the  improvements 
that  have  occured  in  advanced  cements  in  recent  years  [14]. 

5.  Hardness 

Hardness  is  one  of  the  beneficial  properties  of  ceramics  in  general,  in  fact,  the  hardest 
known  materials  are  ceramics. 

Generally,  the  properties  of  any  concrete  structure  formed  will  depend  heavily  on  the 
amount  of  porosity  present,  the  strength  of  any  aggregate  material  or  reinforcement  (e.g., 
crushed  stone,  steel  bars),  and  the  properties  of  the  C-S-H  phase. 

F.  DIFFICULTIES  IN  MICROSTRUCTURAL  CHARACTERIZATION  OF 

CEMENT 

Characterization  of  the  cement  microstructure  is  very  important  because  it  helps  to 
establish  the  proper  conditions  for  manufacture  (e.g.,  texture  of  clinker,  content  and 
composition  of  mineral  components,  distribution,  crystal  size,  optical  properties, 
crystallinity,  disposition  and  distribution  of  crystallites,  and  void  size  and  distribution)  with 
the  specified  quality  level  and  the  desirable  mechanical  properties.  Additionally,  quality 
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control  systems  need  to  be  developed  in  addition  to  determining  the  characteristics 
associated  wth  the  desired  material. 

Unfortunately,  Oxygen  and  Hydrogen  are  light  elements,  that  are  difficult  to 
characterize  by  X-ray  diffraction,  SEM/EDX  and  by  TEM/EDX  (certainly  Hydrogen  is 
impossible  to  detect  by  these  means).  Neutron  scattering  and  diffraction  is  possible  (these 
methods  should  allow  an  investigation  into  the  positions  of  oxygen  and  hydrogen  atoms  in 
the  various  phases  present  in  the  cement)  but  the  procedure  requires  a  neutron  source  and 
thus  a  reactor. 

G.  SCOPE  OF  TBE  PRESENT  WORK 

The  purpose  of  this  research  is  to  perform  a  study  of  the  morphological  and 
crystallographic  features  of  a  fully  hardened  Aalbrog  Lion  Brand  Danish  white  cement 
paste  with  a  w/c  ratio  of  0.25.  The  reason  this  particular  brand  is  to  be  investigated  is 
because  it  appears  to  have  better  toughness  properties. 

Unfortunately,  in  the  Center  for  Materials  Science  and  Engineering  at  NPS,  neutron 
scattering  and  diffraction  facilities  are  not  available  and  so  in  this  work  a  study  of  the 
phases  present  and  their  morphologies  was  carried  out  by  optical  microscopy,  x-ray 
diffraction  and  scanning  and  transmission  electron  microscopy  (both  with  EDX).  This 
work  will  be  done  to  try  and  understand  why  Aalbrog  Lion  Brand  Danish  white  cement 
has  good  mechanical  properties. 
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Figure  2. 1  The  Ca0-Al203-Si02  system  (from  Ref.  6). 
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AEM:  Analytical  Transmission  Electron  Microscope,  STM:  Scanning  Tunnel 
Microscope,  AFM:  Atomic  Force  Microscope,  AES:  Auger  Electron  Spectroscope, 
FESEM;  Field  Emission  Scanning  Electron  Microscope,  EPMA:  Electron  probe 
Micro  Analyzer,  SIMS:  Secondary  Ion  Mass  Spectroscope,  XPS(ESCA):  X-ray 
Photoelectron  Spectroscope,  MFXRD:  Micro  Focus  X-ray  Diffractometer, 

CDS:  Grow  Discharge  Spectrometer,  XTFD:  X-ray  Thin  Film  Diffractometer, 

FX:  Fluorescent  X-ray  Spectrometer 
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Figure  2.2  Measuring  range  of  each  surface  and  local  characterization 
instruments  (from  Ref  14). 


20 


Frequency  of  fraclure 


Strength  (MPa) 


Figure  2.3  The  frequency  distribution  of  observed  fracture 
strengths  for  a  typical  portland  cement  (from  Ref  5). 


21 


Possible  cross  sections 


where  M  =  maximum  bending  moment 

c  s  distance  from  center  of  specimen  to 
outer  fibers 

I  =  moment  of  inertia  of  cross  section 
F  =  applied  load 
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Figure  2.4  A  three-point  loading  scheme  to  measure  the  stress-strain 
behavior  and  modulus  of  rupture  of  ceramics  (from  Ref  5). 
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Figure  2.5  Increases  in  strength  and  decreases  in  porosity  achieved  with 
advanced  macro-defect-free  (MDF)  cements  (from  Ref  13). 
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m.  EXPERIMENTAL  PROCEDURE 


A.  SAMPLE  DESCRIPTION 

One  specimen  (D230)  was  forwarded  from  the  Nuclear  Science  and  Technology 
Organization  (ANSTO),  Australia  for  analysis.  The  sample  was  fabricated  from  Aalbrog 
Lion  Brand  Danish  white  cement  mixed  with  deuterated  water  at  room  temperature  on  a 
shaker  to  prepare  cement  pastes  at  nominal  water:  cement  (w/c)  ratios  of  0.25.  After 
mixing  the  specimens  were  demolded  and  cured  for  a  period  of  one  year.  Deuterated 
water  was  used  so  that  neutron  scattering  and  diffraction  studies  could  be  performed 
elsewhere.  Table  3-1  contains  the  chemical  analysis  of  the  sample  as  weight-percent  oxide 
and  its  mineralogical  compositions  calculated  from  the  chemical  composition  by  Bogue 
calculations.  Table  3.2  contains  a  quantitative  x-ray  analysis  of  the  cement  before 
hydration. 

B.  SAMPLE  PREPARATION 

Sectioned  samples  were  grit  sanded  using  a  Struers  Knuth-Rotor-3  and  various  grits 
of  waterproof  silicon  carbide  paper.  The  SEM  samples  were  polished  with  great  care, 
using  one  micron  water  based  diamond  compound  on  selvyt  polishing  Microcloth,  while 
all  other  samples  remained  in  the  as  sectioned  condition  for  additional  work.  Care  was 
taken  to  avoid  overpolishing  the  sample  at  each  stage,  so  the  details  of  the  delicate 
structure  were  to  be  properly  revealed.  The  SEM  samples  were  then  transferred  to  an 
Ernest  Fullam  EFFA  MBCn  carbon  coater  where  two  carbon  strands  at  a  distance  of 
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approximately  30  millimeters  from  the  sample  surface  were  used  to  impart  a  uniform  15- 
20  nm  coating  of  the  specimen  surface  so  that  it  was  conducting  for  SEM  studies. 

The  X-ray  diffraction  (XRD)  samples  were  taken  from  the  sectioned  samples 
described  above.  The  samples  were  hand  ground  in  an  agate  mortar  and  sieved  through  a 
400  mesh  (38  pm)  sieve.  The  resulting  fine  powder  was  then  used  for  the  x-ray  diffraction 
experiments. 

An  additional  sample  was  ground  in  the  agate  mortar  and  sieved  for  electron 
microscopy  (TEM).  The  resulting  powder  was  placed  into  a  bath  of  ethanol  and  stirred. 
Next,  a  carbon-coated  400  mesh  copper  grid  was  used  to  scoop  the  powder  particles  so 
that  they  were  suspended  on  the  grid.  The  sample  was  then  carefully  lifted  from  the 
solvent  and  air  dried. 

Additionally,  specimens  for  transmission  electron  microscopy  (TEM)  were  made  by 
mounting  small  slices  on  a  glass  slide  and  polishing  these  down  to  approximately  20  pm 
thickness.  The  polished  samples  were  then  cored  to  form  3  mm  diameter  discs  using  a 
precision  coring  tool  vrith  a  diamond  core  drill.  The  3  mm  diameter  disk  samples 
generated  in  this  way  were  then  mounted  on  1.5  mm  aperture  Copper  grids.  These  were 
then  argon  ion-beam  milled  until  the  center  of  the  samples  had  thinned  to  a  hole.  Most  of 
the  regions  around  the  holes  in  the  ion  milled  samples  were  electron  transparent.  Thinning 
was  at  rates  of  <  2.5  pm  h'^  and  included  the  use  of  a  liquid  nitrogen-cooled  cold  stage  to 
help  minimize  thermal  damage  (as  suggested  by  Richardson  and  Groves  [10]). 
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C.  LOSSONIGNmON 


The  non-evaporable  water  contents  of  the  fiimace  fired  samples  were  determined  by 
measuring  the  loss  on  ignition  at  1050°  C.  The  average  results  of  two  runs  were  obtained, 
based  on  the  fired  weight.  The  experimental  procedure  was  as  follow; 

(1)  The  weighed  samples  were  fired  at  1050°  C  for  approximately  19  hours. 

(2)  Samples  were  then  weighed  immediately  after  removal  from  the  furnace  and 
loss  on  ignition  calculated.  The  dehydrated  samples  were  then  immediately  studied  by  x- 
ray  dififaction. 

(3)  The  water  content  was  determined  to  be  approximately  24  weight  percent, 
which  suggests  that  the  hydrated  cement  is  an  equimolar  mixture  of  approximately 
Ca1.75.SiO2.3H2O  and  Ca(OH)2. 

D.  SCANNING  ELECTRON  MICROSCOPY 

The  polished  and  coated  samples  were  placed  for  analysis  in  the  TOPCON  SM-510 
scanning  electron  microscope  (SEM)  with  a  tungsten  filament  energized  to  20,000  volts. 
Polished  surfaces  were  used  for  the  determination  of  the  phase  distribution  by 
backscattered  electron  imaging  and  chemical  composition.  X-ray  microanalysis  (EDS) 
was  used  to  provide  quantitative  spot  chemical  analysis  as  well  as  maps  of  the  distribution 
of  the  elements  present.  Analysis  was  conducted  at  1000  times  magnification  with  a 
working  distance  of  28.5  mm. 
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E.  TRANSMISSION  ELECTRON  MICROSCOPY 

A  TOPCON  EM-002B  transmission  electron  microscope  (TEM)  with  LaBe  source 
energized  to  200  kV  was  used  for  the  microstructural  and  chemical  characterization  of 
several  samples  of  the  hydrated  cement.  As  described  above,  the  samples  were  placed  on 
a  400  mesh  copper  TEM  grid  and  conventional  TEM  micrographs  and  selected  area 
diffraction  patterns  were  taken  from  many  sample  regions.  The  samples  were  tilted  10 
degrees  toward  the  EDX  detector  so  that  x-ray  counts  approaching  1000  c.p.s.  could  be 
obtained  with  a  small  (~  16  nm)  probe  size.  The  ED  AX  system  has  a  super  ultra  thin 
window  so  that  light  elements  down  to  boron  can  be  detected.  The  EDX  data  was 
analyzed  using  EDAX/EDX  software.  Quantitative  analysis  of  these  thin  specimens  was 
performed  without  the  need  for  absorption  and  fluorescence  corrections.  The  specimens 
were  suflBciently  thin  and  so  these  could  be  ignored. 

F.  OPTICAL  MICROSCOPY 

A  Zeiss  Jenaphot  2000  optical  microscope  was  used  to  obtain  micrographs  of  the 
polished  sample  surfaces.  This  was  used  for  qualitative  comparison  of  the  specimen 
macrostructure.  In  particular,  equiaxed  white  and  grey  particles  were  observed  by  optical 
microscopy  and  these  proved  to  be  very  important  when  the  material  was  studied  in  the 
SEM.  Observation  were  conducted  at  125  times  magnification. 

G.  X-RAY  DIFFRACTOMETRY 

All  samples  were  analyzed  utilizing  a  Phillips  XRG  3100  X-Ray  Generator  and  a  PW- 
3020  Diffractometer  Controller.  The  data  processing  was  performed  using  a  DEC  3100 
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Vax  Workstation.  X-ray  diflfraction  patterns  were  collected  using  an  x-ray  generator  with 
a  copper  target  (Kai  and  Ka2  wavelengths  1.54060  and  1.54439  A°)  and  a  bent  graphite 
crystal  monochromator.  The  operating  parameters  were  as  follows:  30  Kv,  35  mA,  angle 
range  5  -  140°  and  scan  rate  of  5  seconds  per  every  0.02  degree  increment. 

The  acquired  data  was  processed  by  the  Phillips  APD  1700  software  on  the  Vax 
workstation  3100.  Spectral  plots  of  intensity  versus  20  position  were  plotted  for  all 
samples.  The  Phillips  PW  1891  Total  Access  Diffraction  Database  (TADD)  compared 
sample  plots  with  library  diffraction  patterns  at  an  extremely  rapid  rate.  Several  crystalline 
phases  were  detected  and  library  intensity  histogram  diffraction  patterns  were  plotted  for 
comparison  with  spectral  plots.  The  crystalline  phases  were  determined  using  the  TADD 
in  conjunction  with  the  Joint  Committee  on  Power  Diffraction  Standards  (JCPDS)  x-ray 
difftaction  data  cards. 
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(a) 


Chemical 

composition 

Oxide 

content: 

wt.% 

Si02 

24 

AI2O3 

1.9 

F62O3 

0.3 

CaO 

70 

MgO 

0.6 

SO3 

1.9 

(b) 


Calculated 

compounds 

Bogue 

content: 

wt% 

C3S 

82 

C2S 

8 

C3A 

4 

C4AF 

1 

Table  3-1.  (a)  Chemical  composition;  and  (b)  Bogue  calculations  for  sample  D230 
(Provided  by  ANSTO) 
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Calculated 

composition 

Quantitative  x-ray 
content  wt.% 

C3S 

80 

C2S 

15 

C3A(cubic) 

3 

C3A(monoclinic) 

1 

C4AF 

1 

Table  3.2  Quantitative  x-ray  analysis  for  sample  D230 
(anhydrous).  (Provided  by  ANSTO) 
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IV.  RESULTS  AND  DISCUSSION 

A.  LOSS  ON  IGNITION 

In  order  to  obtain  the  formula  for  the  amorphous  phase  (C-S-H  gel)  from  the  loss  on 
ignition  results,  an  average  Ca0/Si02  ratio  of  1.75  was  assumed  for  the  resulting  C-S-H. 
In  addition,  the  AI2O3  content  of  the  cement  was  ignored  because  very  little  is  present;  it 
was  also  assumed  that  the  reaction  has  proceeded  to  completion  with  anhydrous 
components  absent  after  reaction.  The  expected  formula  in  the  reaction  was  calculated  by 
converting  the  weight  percentage  of  mixed  constituents  to  molecular  percent.  This 
calculation  indicated  that  the  hydrated  material  is  comprised  of  equimolar  amounts  of 
1.75Ca0.Si02.3H20  and  Ca(OH)2. 

The  difference  between  the  two  loss  on  ignition  runs  were  not  significant.  They 
indicate  that  more  likely  both  samples  have  been  equally  hydrated,  v^dth  no  difference  in 
the  extent  of  the  chemical  reactions  between  the  cement  and  the  water. 

B.  X-RAY  DIFFRACTION 

The  powdered  hydrated  cement  and  oven  fired  cement  samples  were  analyzed  using 
X-ray  diffraction  in  order  to  determine  the  phases  present  and  any  changes  resulting  from 
the  heat  treatment  and  exposure  to  the  environment.  Figure  4. 1  illustrates  the  x-ray 
diffraction  patterns  of  the  crystalline  and  noncrystalline  phases  in  the  as  received  and 
hydrated  powder  sample.  All  the  distinguishable  intensity  peaks  were  identified  by  using 
the  Phillips  APD  1700  software  package  in  conjunction  with  the  Hanawalt  JCPD 
diffraction  patterns  data  cards.  The  Miller  indices  were  obtained  from  X-ray  Diffraction 
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Data  Cards  published  by  the  Joint  Committee  on  Chemical  Analysis  by  X-ray  Diffraction 
Methods  (October  1955). 

Amorphous  C-S-H  (close-to  amorphous)  was  found  to  be  the  main  phase  present. 

This  is  indicated  by  the  almost  amorphous  shape  (background  hump)  from  26  equal  to 
25°  to  26  equal  to  60°.  Peaks  or  bands  from  C-S-H  gel  occur  at  iJ-spacings  of  3.2  -  2.6, 

0. 182  and  0. 156  nm,  with  low  angle  scattering  but  no  other  definite  peaks  between  26 
equal  to  15°  and  <i-spacing  of  0. 13.  No  other  crystalline  phases  present  in  this  particular 
cement  will  have  peaks  or  an  amorphous  shape  at  those  20  values.  However,  the  C-S-H 
apparently  has  several  other  crystalline  phases  within  the  amorphous  matrix,  which  are 
illustrated  in  Figure  4.2.  The  figure  also  shows  a  copy  of  the  JCPDS  card  for  a  paste  of  |3- 
C2S  that  was  published  by  Mohan  and  Taylor.  The  card  shows  a  difihise  peak  between  d- 
spacings  of  0.279  and  0.3 10  nm  and  a  well  defined  peak  at  0. 1 82  nm.  The  broad  peaks 
are  indicative  of  wide  distributions  of  <i-spacing,  indicating  the  lack  of  a  unique  structural 
order  and  the  possibility  of  a  structure  that  could  be  highly  variable  at  the  submicron  level, 
as  we  will  see  later  in  the  TEM  analysis.  The  sharper  peaks  near  20  equal  to  28°,  29°, 

33°,  35°,  42°,  47°,  and  52°,  are  characteristic  of  most  materials  containing  silicate  or 
traces  of  CaO  (Viehland  and  Li  (1996)),  further  confirming  the  presence  of  the  crystalline 
phases  (Ca(OH)2  and  C3S  or  P-C2S)  within  the  amorphous  matrix. 

The  powder  samples  analyzed  indicated  other  phases  present,  for  which  the  expected 
peak  intensity  and  line  positions  accurately  reflected  the  Hanawalt  JCPDS  diffraction 
patterns,  verifying  the  phases  present.  Figures  4.3  and  4.4  show  the  x-ray  diffraction 
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pattern  for  the  as-received  and  hydrated  sample  compared  with  the  JCPDS  diffraction 
patterns  of  the  major  components  expected  in  the  sample.  Each  components  maximum 
intensity  line  is  properly  identified.  Portlandite  (Ca(OH)2)  has  a  peak  intensity  at  the  (001) 
reflecting  plane,  CasSiOs  peak  intensity  at  (1 1 1)  and  (201),  Lamite  (Ca2Si04)  at  ( 1 01), 
CaO  at  (1 1 1)  and  Ettringite  Ca6Al2(S04Si04C03)3(0H)i2.26H20  at  (002).  The  amount  of 
Lamite  is  very  small  as  expected. 

The  XRD  pattern  for  the  fired  (used  for  the  loss  on  ignition  test)  sample  is  shown  in 
Figure  4.5.  The  figure  shows  a  comparison  with  the  JCPDS  diffraction  patterns  on  the 
major  components  identified  in  the  fired  sample.  The  sharper  peaks  are  identified  as  C3S 
at  20  equal  to  29°  and  32°,  3-C2S  at  32.5°,  34°  and  42°,  and  CaO  at  37°  and  53.5°.  The 
presence  of  C3S  and  P-C2S  is  caused  by  the  dehydration  of  C-S-H,  whereas  the  presence 
of  CaO  is  due  to  the  dissociation  of  Ca(OH)2,  which  is  in  perfect  agreement  with  the  loss 
on  ignition  experiment. 

This  crystallographic  data  is  in  excellent  agreement  with  the  SEM/EDX  data 
(described  below)  and  it  is  in  excellent  agreement  with  previous  x-ray  work  on  this  topic 
[17,  18, 19,  20]  although  it  still  does  not  allow  for  the  resolution  of  micro  and 
nanocrystalline  phases  that  could  be  within  the  C-S-H  matrix.  For  this,  SEM  and  TEM 
experiments  are  necessary. 

C.  OPTICAL  AND  SCANNING  ELECTRON  MICROSCOPY  (SEM) 

A  low  magnification  optical  micrograph  from  a  polished  cross  section  of  the  specimen 
(sample  D230),  showing  the  sample  morphology  is  presented  in  Figure  4.6.  The 
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micrograph  shows  ‘white’  equiaxed  particles  with  sizes  varying  from  a  few  microns  to 
many  tens  of  microns  in  a  light  grey  matrix.  The  morphological  characteristics  illustrated 
in  the  micrograph,  are  typical  for  most  hydrated  cements,  of  any  age  or  w/c  ratio. 

A  higher  magnification  backscattered  scanning  electron  micrograph  shown  in  Figure 
4.7,  reveals  a  surface  morphology  having  what  appears  to  be  the  same  ‘white’  particles 
observed  in  the  optical  microscope  and  these  often  have  ‘light  grey’  surroundings.  These 
particles  are  embedded  throughout  a  darker  and  finer  ‘grey’  matrix.  Since  the 
backscattered  detector  detects  difference  in  atomic  number,  a  quantitative  phase  analysis 
of  each  region  could  be  attempted.  The  ‘white’  particles  have  the  highest  average  atomic 
number  and  the  ‘dark  grey’  matrix  the  lowest  with  the  ‘light  grey’  in  between.  A 
microchemical  analyses  of  the  individual  regions  by  energy-dispersive  x-ray  analysis 
(EDXA),  provided  a  better  appreciation  of  the  differences  in  the  composition  of  each 
region.  The  analyses  (in  atomic  %)  are  presented  in  Table  4. 1 .  The  equiaxed,  ‘white’ 
phase  is  very  bright  and  this  suggests  that  it  does  not  contain  much  water  (if  any)  and  the 
EDXA  analysis  indicates  that  the  ‘white’  regions  have  a  formula  of  3Ca0.Si02.  This 
analysis  suggests  these  regions  are  anhydrous  C3S,  which  is  in  complete  agreement  with 
the  previous  findings  ofDiamond  [12]  and  Meredith  [11]  and  also  with  the  XRD  results 
presented  in  Figure  4.3  and  4.5.  The  C3S  phase  appears  much  brighter  than  the 
surrounding  ‘light  grey’  and  matrix  phases  because  it  has  a  higher  average  molecular 
weight  and  does  not  contain  water.  The  chemical  analysis  shown  in  Table  4. 1  clearly 
demonstrates  the  fact  that  the  ‘white’  phase  is  richer  in  calcium  when  compared  to  the 
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surrounding  ‘light  grey’  phase.  This  is  expected  since  there  is  a  3: 1  calcium  to  silicon 
atomic  ratio  in  the  CasSiOs  (C3S)  phase  and  an  average  2:1  ratio  in  the  ‘light  grey’  region 
(this  region  would  appear  to  be  comprised  of  a  mixture  of  C-S-H  and  CH).  The  chemical 
analyses  of  the  darker  phase  suggests  that  the  ‘dark  grey’  phase  has  a  higher  average 
atomic  number  than  the  ‘light  grey’  phase,  which  is  opposite  to  that  indicated  by  the 
backscattered  imaging.  The  reason  for  this  is  that  the  ‘dark  grey’  phase  (the  somewhat 
cellular  matrix)  is  more  hydrated  (the  effective  backscatter  coefficient  of  the  phase  is 
reduced  by  the  nonevaporable  water  in  its  structure)  than  the  ‘light  grey’  phase  and  the 
EDXA  does  not  detect  hydrogen.  In  addition  to  C-S-H  and  calcium  hydroxide  (CH),  the 
‘dark  grey’  matrix  would  also  seen  to  contain  small  amounts  of  ettringite,  Lamite,  and 
some  impurities,  as  well  as  a  great  deal  of  porosity.  This  is  in  excellent  agreement  with 
the  XRD  data  shown  in  Figures  4. 1  and  4.2,  and  also  with  previous  findings  of  Diamond 
[12]. 

D.  TRANSMISSION  ELECTRON  MICROSCOPY 

Examination  of  the  as-received  hydrated  cement  thin  foil  in  the  TEM  revealed,  as 
expected,  a  matrix  which  was  a  mixture  of  several  phases  and  crystalline  regions.  Figure 
4.8  shows  a  bright-field  image  taken  of  the  C-S-H  gel  phase  of  the  hydrated  cement. 
Followng  the  results  obtained  above  and  the  designation  of  previous  studies,  [9]  regions 
of  irmer  product  (light  grey  in  the  SEM  micrographs)  and  outer  product  (dark  grey  in  the 
SEM  micrographs)  were  identified.  This  micrograph  was  taken  from  an  outer  product 
area  and  had  a  morphology  similar  to  the  type  described  by  Viehland  [9],  for  an  outer 
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product  region.  The  morphological  characteristics  of  this  outer  product  region  are 
honeycomb-like  ,  which  is  indicative  of  C-S-H  phases  formed  under  constrained 
conditions  [9,  10],  EDXA  (Figure  4.9)  analysis  revealed  an  average  Ca:Si  ratio  of  1.76  in 
addition  to  traces  of  aluminum  and  sulfur,  no  magnesium  was  detected  by  TEM,  which  is 
in  agreement  with  the  results  obtained  by  Richardson  [10],  for  an  outer  C-S-H  region. 

The  SAED  pattern  for  this  region  is  shown  in  Figure  4. 10.  The  pattern  contains  diffuse 
rings  which  clearly  demonstrate  the  presence  of  nanocrystalline  regions  coexisting  with  the 
amorphous  C-S-H  phase;  such  regions  have  been  detected  by  other  workers  [9].  Figure 
4. 1 1  is  also  a  bright-field  image  taken  from  an  inner  product  area,  showing  a  somewhat 
compact  and  homogeneous  fine  scale  (“featureless”)  morphology.  These  results  are 
consistent  with  previous  investigations,  [9,  10,  12]  indicating,  that  at  the  nanometer  scale, 
this  brand  of  Danish  white  cement  is  somewhat  similar  to  specimens  used  by  other 
investigators. 

In  general,  cements  have  been  classified  by  the  period  of  hydration  during  which  they 
form.  The  morphology  of  the  outer  C-S-H  regions  (formed  within  the  first  24  hours  of 
hydration)  is  fiber  (needle)  -like  if  sufficient  space  is  available  for  growth  [10].  However, 
if  the  space  available  is  constrained  (as  would  seen  to  be  the  case  for  the  present  case),  an 
equiaxed  (“honeycomb-like”)  microstructure  can  develop.  The  morphology  of  the  inner 
C-S-H  regions  (formed  after  24  hours  hydration)  appears  to  be  featureless  on  the 
micrometer  scale.  The  principal  condition  of  formation  responsible  for  the  observed 
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morphological  differences  threfore  appears  to  be  the  internal  stress  state  in  which  this 
cement  paste  was  formed. 

Figures  4. 12  and  4. 13  show  an  iimer/outer  product  interface  region  for  the  C-S-H  gel. 
The  interface  bonding  is  generally  very  strong,  with  a  poorly  defined  morphology.  The 
interface  in  the  top  right-hand  quarter  of  Figure  4. 12,  appears  at  first  glance  to  be 
somewhat  well  defined,  but  on  examination  at  higher  magnification  (Figure  4.13),  the 
inner  C-S-H  seems  to  extend  pasts  its  boundary.  The  interfaces  in  the  other  regions  of  the 
micrographs  overlap  even  more,  rendering  them  morphologically  indistinguishable. 

The  presence  of  unhydrated  C2S  is  demonstrated  in  Figure  4. 14.  C2S  is  the  large 
striated  region  at  the  top  of  the  micrograph,  which  appears  to  be  partly  hydrated  (EDXA 
for  this  region  is  shown  in  Figure  4. 15(a)).  Twins  are  clearly  visible  in  this  micrograph 
and  probably  preexisted  in  the  original  P-C2S,  which  is  in  perfect  agreement  with  the 
results  previously  obtained  at  the  micrometer  scale  by  Diamond  [12].  The  micrograph 
also  shows  a  region  of  inner  C-S-H,  for  which  the  EDXA  is  shown  in  Figure  4.15(b). 

EDXA  was  also  used  to  determine  the  local  composition  of  various  regions 
throughout  the  C-S-H  gel.  The  quantitative  analysis  indicated  that  the  Ca:Si  ratio 
fluctuated  between  0.35  and  5.74.  The  degree  of  fluctuation  in  the  Ca;Si  ratio  observed  is 
similar  to  that  previously  reported  by  Viehland  and  Li  [9].  The  Ca;Si  ratio  normally 
fluctuates  between  0.6  and  2.0  when  the  C-S-H  is  studied  with  a  large  probe  size  [10]. 
Viehland  and  Li  attribute  the  wider  fluctuations  observed  to  the  small  beam  size  used 
(their  spot  size  was  Inm).  In  this  study  a  16  nm  spread  probe,  was  generally  used,  to 
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prevent  beam  damage.  However,  a  6nm  probe  was  used  to  study  local  variation  in  the 
composition.  Consequently,  the  magnitude  of  the  Ca:Si  fluctuation  in  this  case,  may  be 
attributed  to  the  growth  of  C-S-H  and  CH  on  the  nanometer  scale.  In  generail,  the 
magnitude  of  the  fluctuations  was  much  larger  than  the  results  obtained  for  the  probed 
regions  on  the  micrometer  scale,  which  is  in  agreement  with  previous  investigations.  The 
EDX  analysis  showed  that  the  aluminum  and  sulfur  levels  were  low  for  all  the  regions  of 
the  C-S-H  gel  investigated.  Of  these,  aluminum  is  generally  considered  the  most 
significant  of  the  minor  elements  present.  Unfortunately,  EDXA  has  problems  in 
establishing  the  true  levels  of  aluminum  in  the  C-S-H  gel,  due  to  the  C-S-H  gel  beam- 
sensitivity. 

The  stability  of  the  hydrated  specimen  to  irradiation  damage  was  checked  during 
observations  in  the  TEM.  Standardized  conditions  for  sample  preparation  and  observation 
(large  beam  defocus)  were  used,  as  previously  suggested  by  Richardson  and  Groves  [10]. 
However,  when  the  beam  was  focused  on  a  single  crystalline  region,  damage  was 
observed.  In  addition,  there  were  problems  with  selective  evaporation  during  the 
observation  because  the  ED  AX  count  rate  was  varying  with  time.  In  general,  it  was 
observed  that  the  stability  increased  in  regions  with  lower  Ca:Si  ratios,  as  previously 
reported  by  Richardson  [10]. 

Figures  4.16  and  4.17  shows  several  SAD  patterns  obtained  from  various  randomly 
selected  regions  within  the  gel.  Diffuse  rings,  similar  to  the  rings  observed  by  Viehland, 
were  discovered  in  all  three  patterns.  The  presence  of  these  rings  suggest  that  the  local 
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structure  is  not  completely  disordered,  and  that  short-range  ordering  exists,  as  suggested 
by  our  XRD  results.  The  broad  diffuse  rings  were  measured  after  the  TEM  camera  length 
was  calibrated.  In  Figure  4. 16(a)  the  inner  diffuse  ring  was  measured,  and  the  inner  edge 
of  the  ring  was  found  to  have  a  J-spacing  of  0.34  ran  and  the  outer  edge  of  the  ring  a  d- 
spacing  of  approximately  0.28  ran,  which  are  very  similar  to  the  results  obtained  by 
Viehland  [9],  during  his  analysis  of  a  Portland  cement  with  a  w/c  ratio  of  0.4.  The  broad 
diffuse  rings  are  indicative  of  the  structural  variations  within  short-range  ordered  regions, 
which  are  consistent  with  the  XRD  results.  As  mentioned  before,  the  XRD  data  did 
suggest  the  presence  of  broad  diffuse  peaks  or  bands  in  the  range  of  approximately  0.32  - 
0.26  ran.  Examination  of  Figures  4. 16  and  4. 17  shows  that  the  periodicity  of  the  diffuse 
rings  varies  from  one  region  to  the  other.  The  range  for  the  first  ring  in  Figure  4. 16(b),  is 
0.3 1  ran  for  the  inner  edge  and  0.262  nm  for  the  outer  edge,  whereas  for  Figure  4. 17  the 
range  is  0.243  -  0.213  nm.  Inspection  of  Figure  4. 16(b)  shows  that  the  second  diffuse  ring 
has  a  periodicity  of  0.243  nm.  A  third  ring  follows  after  a  gap,  for  which  the  periodicity  is 
~  0. 179  ran,  which  is  similar  to  the  expected  repeat  distance  for  Ca(OH)2.  The  ordering 
described,  confirms  the  presence  of  the  hexagonal  lattice  of  C-H  within  the  regions  fi'om 
which  the  patterns  were  taken  (C-S-H  gel).  In  addition,  an  inspection  of  the  EDX  data 
corresponding  to  the  regions  from  which  the  diffraction  patterns  were  taken,  resulted  in 
Ca:Si  fluctuations  that  could  be  related  to  the  degree  of  short-range  ordering,  as  suggested 
by  previous  investigators. 
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The  presence  of  CH  within  the  C-S-H  gel,  was  also  detected  using  SAD  with  EDX 
analyses,  as  illustrated  in  Figures  4. 18  -  4.20.  Figure  4.18  shows  a  bright-field  image 
(taken  from  the  powder  particles  suspended  on  a  copper  grid)  in  which  regions  of  C-S-H 
and  CH  are  identified.  Figure  4. 1 9(a)  shows  an  EDX  analysis  of  the  C-S-H  region, 
whereas  Figure  4. 19(b)  shows  the  EDX  analysis  of  the  CH  region.  Because  hydrogen  is 
not  detected  by  EDX,  the  analysis  confirmed  that  only  calcium  and  oxygen  were  present  in 
the  CH  region,  as  shown  in  Figure  4. 1 9(a).  The  EDX  analysis  of  the  C-S-H  region, 
showed  the  presence  of  calcium  and  silicon  at  an  average  Ca:Si  ratio  of  2. 12,  as  shown  in 
Figure  4. 19(b).  The  SAED  for  the  CH  region  is  shown  in  Figure  4.20  (the  electron  beam 
direction  is  [1 10]).  The  J-spacings  observed  in  this  pattern  are  0.28,  0.24,  0.17,  0.14,  and 
0.11  nm,  which  correspond  to  the  [111],  [200],  [220],  [311],  and  [331]  reflections, 
respectively.  These  results  correspond  to  what  is  expected  for  the  CaO  repeat  distance,  as 
stated  in  the  JCPDS  card.  However,  this  type  of  pattern  could  be  attributed  to  a 
pseudohexagonal  lattice,  which  could  be  approximated  to  hexagonal  CH,  as  suggested  by 
previous  investigators  [9].  These  results  confirm  the  presence  of  CH  within  the  C-S-H  gel 
(intermixed  with  C-S-H),  which  can  cause  the  Ca:Si  ratio  in  the  C-S-H  gel  to  be  higher  in 
the  regions  where  the  CH  is  more  concentrated.  This  is  consistent  with  the  observations 
made  concerning  the  Ca;Si  ratio  fluctuation. 
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0 

A1 

Si 

S 

Ca 

White 

53.68 

0.51 

11.31 

- 

34.78 

Light  Grey 

66.86 

0.32 

9.16 

0.95 

22.72 

Dark  Grey 

64.39 

1.18 

8.64 

0.68 

25.11 

Table  4. 1  EDX  results  for  the  three  regions  (in  atomic  %)  White,  Light  Grey  and  Dark 
Grey.  Notice  that  no  hydrogen  can  be  detected  by  EDX. 
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Figure  4. 1  XRD  Pattern  of  the  as-received  and  hydrated  powder  sample  showing 
crystalline  phases  E=Ettringite,  P=Portlandite,  €=€38,  B=P-C2S,  and  CaO. 
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Figure  4.2  XRD  Pattern  of  the  as-received  and  hydrated  powder  sample  showing  the 
amorphous  C-S-H  phase  from  20=25°  to  20=60°.  A  copy  of  the  JCPDS  card  is  also 
illustrated. 
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Figure  4.3  XRD  line  patterns  of  phases  present  in  the  as-received  and  hydrated  powder 
sample. 
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Figure  4.5  XRD  line  patterns  of  phases  present  in  a  fired  sample  used  for  the  loss  on 
ignition  test. 


48 


Figure  4.6  Optical  Micrograph  of  the  as-received  and  hydrated  powder  sample. 


Figure  4.8  Bright-field  TEM  image  of  the  C-S-H  gel,  showing  the  outer  product  area. 
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CaK 


Figure  4.9  EDX  spectra  for  the  outer  product  C-S-H  (shown  in  Figure  4.8)  showing  an 
average  Ca: Si  ratio  of  1 .76. 
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Figure  4.10  SAED  pattern  of  the  outer  C-S-H  gel  region  (shown  in  Figure  4.8)  showing 
the  presence  of  nanocrystallites  regions  coexisting  with  the  C-S-H  phase. 
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Figure  4.13  Bright-field  TEM  image  taken  at  higher  magnification  for  the  inner/outer 
interface  region  shown  in  Figure  4. 12. 
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Figure  4.14  Bright-field  TEM  image  showing  unhydrated  P-C2S  with  preexisting  twins 
and  C-S-H. 
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Figure  4. 16  SAED  patterns  taken  from  various  randomly  selected  regions  within  the  C-S- 
H  gel.  The  patterns  clearly  indicate  the  presence  of  difruse  rings. 


Figure  4.17  SAED  pattern  taken  from  a  randomly  selected  region  within  the  C-S-H  gel. 
The  pattern  clearly  indicates  the  presence  of  diffuse  rings. 
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Figure  4. 19  (a)  EDX  analysis  of  the  C-S-H  region,  and  (b)  EDX  analysis  of  the  CH  phase 
(shown  in  Figure  4.18). 


Figure  4.20  S AED  for  the  CH  region  (shown  in  Figure  4.18).  The  electron  beam  direction 
is  [110]. 


64 


V.  SUMMARY 


A.  CONCLUSIONS 

The  results  of  this  study  on  the  morphology  and  crystallography  of  a  fully  hardened 
Aalbrog  Lion  Brand  Danish  white  cement  paste  with  a  w/c  ratio  of  0.25  indicate  the 
following: 

•  The  major  crystallographic  phases  in  the  cement  can  be  identified.  These  are: 

1.  Unreacted  C2S. 

2.  Unreacted  C3S. 

3.  Portlandite  CH  (Ca(OH)2). 

4.  Small  amounts  of  ettringite  Ca«Al2(S04,Si04,C03)3(0H)i2.26H20. 

5.  Amorphous-like  C-S-H  (with  some  crystalline  regions). 

•  The  loss  on  ignition  results  indicate  that  the  overall  composition  of  the 
hydrated  material  is  approximately  Ca1.7s  SiO2.3H2O  and  Ca(OH)2  in  equimolar 
amounts. 

•  SEM  observations  identified  white  equiaxed  particles  with  sizes  of 
approximately  10  pm  (unreacted  C3S)  and  two  hydrated  regions.  The  light 
grey  regions  were  described  as  inner  product  C-S-H  gel  and  CH,  and  the  dark 
grey  regions  were  identify  as  outer  product  C-S-H  gel  and  CH  together  with 
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other  minor  phases,  such  as  ettringite.  In  addition,  the  dark  grey  region 
contained  a  great  deal  of  porosity  and  other  impurities. 

•  TEM  observations  of  the  C-S-H  gel  phases  of  the  hardened  cement  revealed 
the  presence  of  large  Ca:Si  ratio  fluctuations  with  ranges  between  0.35  to  5.74. 
In  addition,  short-range  structural  ordering  and  crystallinity  (the  presence  of 
Ca(OH)2  and  C2S)  were  demonstrated  at  the  nanometer  scale.  In  addition,  the 
two  hydrated  regions  (inner  and  outer  product  C-S-H)  were  found  to  differ  in 
morphology.  The  inner  C-S-H  has  a  compact  and  homogeneous  morphology 
and  the  outer  C-S-H  has  a  “honeycomb-like”  morphology.  The  interfaces 
between  the  two  hydrated  regions  were  in  general,  poorly  defined  and  thus 
difficult  to  characterize. 

B,  RECOMMENDATIONS 

There  are  further  questions  about  the  Aalbrog  Lion  Brand  Danish  white  cement  paste 
which  may  be  addressed  by  transmission  electron  microscopy  (TEM).  The  variation  of  C- 
S-H  composition  (in  terms  of  both  their  chemical  nature  and  microstructural  development) 
with  age  may  be  verified  by  TEM  studies  after  various  time  periods.  This  may  provide 
insight  leading  to  techniques  for  controlling  microstructural  development. 

During  the  literature  review  it  was  apparent  that  researchers  are  currently  looking  at 
digital  image  processing  that  can  be  used  in  conjunction  with  scanning  electron 
microscopy  to  investigate  the  microstructure  of  hydrated  cements  to  provide  quantitative 
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descriptions  of  the  characteristics  of  the  particles  or  other  features  present.  This  would 
provide  interactive  chemical  image  analysis  of  separable  features  in  the  backscattered 
images  in  the  SEM. 

Since  many  difficulties  are  encountered  in  quantitative  X-ray  diffiaction  analysis  of 
Portland  cement,  the  next  logical  step  is  to  obtain  diflft’action  patterns  by  the  use  of 
neutron  diflfi'action.  It  is  recommended  that  fixture  studies  be  conducted  on  the  hydrated 
cement  using  a  source  of  neutrons,  such  as  a  high  flux  reactor.  The  high  penetration  of 
neutrons  allows  studies  to  takes  place  on  large  volumes  of  sample  getting  away  fi'om  the 
relatively  small  samples  used  for  laboratory  studies  and  getting  closer  to  the  real  life 
situation. 

It  is  also  recommended  that  future  studies  be  conducted  on  the  microstructural 
features  of  Aalbrog  Lion  Brand  Danish  white  cement  with  w/c  ratios  of  0.4  and  0.5.  This 
would  provide  the  basic  information  necessary  to  begin  a  trade-off  analysis  to  ascertain  the 
effects  of  water  content  in  the  mechanical  properties. 
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